Samples of commercial diesel were subjected to 40 h of intense cavitation flow across a diesel injector in a specially designed high-pressure recirculation flow rig. Changes to the optical absorption and scattering properties of the diesel over time were identified by the continuous measurement of spectral extinction coefficients at 405 nm by means of a simple optical arrangement. Identical diesel samples were maintained at 70°C for 40 h in a heated water bath, in order to distinguish the effects of hydrodynamic cavitation and temperature on the cavitated diesel samples. The commercial diesel samples subjected to high-pressure cavitation flow and water bath heating revealed a response to the flow and temperature history that was identified by an increase in the optical extinction coefficients of the cavitated and heated samples. The contribution of cavitation flow and temperature to the variation in spectral extinction coefficient was identified. It was concluded that the increases observed in the spectral extinction coefficients of the cavitated commercial diesels were caused by the cavitation affecting the aromatics in the commercial diesel samples.
Introduction
Modern common rail direct injection diesel engines operate through the injection of high-pressure liquid diesel fuel through magnetic solenoid actuated injectors directly into the engine cylinders. The diesel fuel is supplied to the injectors at high pressure from the common rail. When the fuel is supplied to the injectors, a proportion is injected into the engine, and the balance is returned to the fuel tank. If the engine is operated at low/part load, the rail pressure may be as low as 600 bar, and up to 40% of the high-pressure diesel supplied to the common rail and the injectors may be returned to the fuel tank via the fuel return pipes in the pump, common rail and injectors. 1 However, when the engine is operated at high load, and depending on the engine, pump and common rail selected, the rail pressure may attain pressures of 1400-2000 bar. At these high-load operating conditions, approximately 70%-80% of the diesel supplied to the common rail and the injectors is injected into the engine, with the remainder being returned to the fuel tank.
The consequence of returning a significant fraction of the fuel supplied to the injectors back to the tank is that the proportion of diesel fuel subjected to repeated high-pressure pumping is a substantial fraction of the original volume. This implies that a significant proportion of the diesel fuel has been recirculated through the high-pressure pump and rail and returned to the fuel tank, prior to admission to the engine.
In connection to this, fuel-derived deposits and sediments have been observed to develop at the entrance to and inside the nozzle holes in modern mini-sac multihole diesel injectors. 2, 3 Indeed, deposits along the needle and on the needle seat have also been discovered.
Deposits at the exit of the injector nozzle holes may be formed through the partial oxidation and/or pyrolysis of liquid diesel located on the outer surface of the injector body, coming into contact with hot combustion gases originating in the cylinder. 7, 8 The mechanisms for deposit formation inside the nozzle holes, on the needle seat and along the needle, are presently unknown.
Cavitation flow is believed to occur in high-pressure diesel nozzles during diesel fuel injection, to significantly affect the structure and atomisation of the fuel jets emanating from the nozzles and entering the engine cylinders. 9, 10 Cavitation occurs when the diesel passes through or over a restriction, causing a large local pressure gradient and/or shear stress in the fluid. If the pressure gradient or shear stress in the fluid causes the local pressure to drop to less than the saturated vapour pressure at the local temperature, then the liquid may begin to boil locally, forming local pockets of diesel fuel vapour. 11 Cavitation is also thought to be capable of altering injector surfaces through local hydro-erosion and hydro-grinding. 12 In extreme circumstances, cavitation may cause injector failure. 13 It has been observed directly in a number of diesel fuel injection experiments. [14] [15] [16] There is anecdotal evidence that cavitation flow occurs inside automotive diesel common rail pumps during high-pressure pumping. 17, 18 Hydrodynamic cavitation is likely to occur near the high-pressure cylinder valves in the pump and in the fuel return valves located in the pump, common rail and the injectors. In addition, there is a trend within the diesel fuel injection equipment (FIE) industry towards increasing common rail pressures. Indeed, Bosch has developed a 2500 bar common rail fuel injection system, 19 while both Denso and Delphi Diesel Systems have reported the development of 3000 bar common rail diesel fuel injection systems. 20, 21 The industry trend towards larger common rail pressures may begin to affect the diesel fuel subjected to such extreme conditions, during pumping, storage and in flow. This may occur through pyrolysis and/or intense cavitation flow, causing chemical rearrangement and decomposition. This may, in turn, lead to deposit formation (sedimentation) and, ultimately, to equipment failure.
The effect of cavitation on alkanes was first investigated by Suslick et al. 22 They employed high-intensity ultrasound on alkane solutions and discovered primary products of hydrogen, methane, acetylene and smaller 1-alkenes. They suggested that the reactions in the system bore strong similarities to high-temperature pyrolysis and concluded that the principal sono-chemical process responsible was C-C bond cleavage with the secondary abstractions and rearrangements. This was considered to be the consequence of high-temperature regions developing in the multiphase solution as a result of cavitation bubble collapse.
The corresponding effects of ultrasound cavitation in diesel have been investigated by Price and McCollom. 23, 24 They employed high-intensity ultrasound to irradiate a diesel fuel sample, and observed the decomposition of saturated alkanes, and identified sonically promoted polymerisation reactions that led to aromatics forming insoluble sediments (gums), similar to those reported by Pedley et al. 25 and Kalitchin et al., 26 as a result of the long-term storage of diesel. These investigatory reports [22] [23] [24] represent a small subset of the growing number of investigatory reports into ultrasonic sono-chemistry in liquids. This is a recently developing field of chemistry, which involves theoretical, modelling, and experimental research into the acceleration of reaction rates involving chemical reactions in liquid suspensions, solutions and/or pure liquids through the use of intense ultrasound. 27 It is believed that intense ultrasonic excitation of a suspension, solution, or pure liquid induces the formation and collapse of many energetic micro-bubbles within the liquid, which are thought to develop very large internal vapour temperatures and pressures during bubble collapse. This process is known as ultrasonic cavitation or ultrasound-induced cavitation. The large internal vapour temperatures achieved during cavitation bubble collapse may lead to molecular decomposition and even plasma formation. 28 Indeed, Suslick and Flannigan 29 have reported internal bubble temperature measurements of up to 5000 K occurring during ultrasonic cavitation bubble collapse. These observations in ultrasound cavitation of diesel raise the question of whether similar effects occur and are observable in hydrodynamic cavitation of diesel. Furthermore, it is necessary to discover whether highpressure diesel common rail FIE produces hydrodynamic cavitation internally and whether any such cavitation induces sono-chemistry effects on the diesel fuel, resulting in deposit formation (sedimentation), similar to that reported earlier.
It was therefore considered necessary to investigate the conditions that exist in high-pressure pumping systems and their effect on the physical and chemical stability of the diesel fuel (through an analysis of the variation of the physical and chemical properties and composition of the fuel).
The aim of this work was to establish whether hydrodynamic cavitation introduced alterations to the diesel that could be identified using a simple measurement technique. This led to the design and manufacture of a high-pressure, continuous recirculation, cavitation flow rig that produced intense hydrodynamic cavitation flow continuously, involving a moderate volume of recirculating diesel. A simple measurement technique for the identification and determination of change in composition and rate of change of composition of the diesel sample was required to be developed.
In this regard, the measurements and observations reported in Suslick et al. 22 and Price and McCollom 23, 24 suggest that ultrasonic cavitation in diesel produces pyrolysis and the formation of insoluble sediments. Pyrolysis reactions in diesel necessarily result in the formation of primary soot particles (1-10 nm diameter), which are then able to aggregate to form larger soot particles (100-10 mm), or bind to other particulates to form other sediments. 30 Both of these sets of findings and observations suggest the formation and development of soot-like particle suspensions in the diesel fuel samples. These lead to two significant hypotheses: (1) hydrodynamic cavitation of diesel will produce similar observable effects to those produced by ultrasonic cavitation (suggesting that the mechanisms for inducing the pyrolysis sono-chemistry in the diesel samples are similar), and (2) the formation of a particulate suspension in the diesel will be detectable using a simple optical extinction measurement system.
The second hypothesis led to the development of a simple optical extinction measurement system, intended to identify and determine variations in the spectral extinction coefficients of the diesel samples as a result of changes in the composition of the samples, and/or the formation and development of particle suspensions in the samples, arising out of cavitation-induced diesel fuel pyrolysis.
The optical extinction measurement system developed and employed in these experiments was a simplification of the spectral extinction and scattering method. 31, 32 This method is used widely in the determination of particle properties in suspensions, colloids and aerosols. 33, 34 It is also employed in the determination of real and imaginary refractive indices in absorptive media. 35, 36 A number of commercial and non-commercial diesel samples were subjected to continuous cavitation flow and exposure to a hot water bath in the course of the experimental work reported here. The results obtained from four commercial diesel samples and a non-commercial, model diesel sample are reported and discussed in this article. The four commercial diesel samples discussed here consisted of two newly bought samples and two samples that had been stored separately in diesel storage tanks for a year. The model diesel sample tested was composed of a paraffin blend ( . 98% paraffins), containing zero aromatics.
The hot water bath was employed in order to separate out the combined effects of cavitation and the release of internal compression energy during the diesel flow through the diesel nozzle into the receiver. This was in order to identify and separate out the effects of temperature and cavitation on the diesel samples.
This article is structured to introduce the reader to the design features and use the experimental equipment designed and manufactured for this study. This is followed by a detailed description of the experimental method employed in the study, together with a description of the layout and calibration of the optical extinction measurement system. This is accompanied by a presentation of the results, a discussion of the main findings and the conclusion.
Experimental equipment
High-pressure, continuous recirculation and cavitation flow rig A high-pressure, continuous flow rig was designed in order to ensure continuously recirculating flow of highpressure diesel fuel through a permanently open diesel injector nozzle into a low-pressure receiver. A simplified schematic representation of the rig is shown in Figure 1 . Diesel fuel was supplied from a small fuel tank to a low-pressure feed pump, which fed the diesel through a 5 mm nylon fuel filter to a fixed displacement, five cylinder, high-pressure pump (Dynex PF1318H-10) with a delivery pressure of 1.3 bar. The Dynex pump was connected to a 4.2 kW variable speed electric motor by a shaft, which provided the pump with the power and torque necessary to pump the diesel around the recirculating system. The Dynex pump had a case volume of 150 cm 3 and was capable of providing flow rates of up to 3.80 L/min, at pressures of up to 630 bar, when driven by the motor at 1800 r/min. 37 The diesel fuel pressure in the high-pressure tubing was measured using a conventional pressure gauge. The minimum volume of diesel to be recirculated in the cavitation flow rig was 3.5 L.
The Dynex pump continuously supplied highpressure diesel (preset to 550 6 10 bar) to a permanently open 0.22-mm-diameter five-hole asymmetric diesel nozzle (Bosch diesel nozzle Part Number DSLA148P591 with needle removed). The diesel injector nozzle released the diesel fuel into a 1.0 L receiving cylinder maintained at atmospheric pressure. The continuous recirculation of fuel through the high-pressure pump and diesel nozzle caused the temperature of the diesel to rise to dangerous levels. Consequently, a temperature control system was installed in order to maintain the temperature of the diesel in the recirculating flow rig at a safe, constant value. The temperature control system utilised a control thermocouple, a commercial temperature controller and a heat exchanger. The control thermocouple was attached to the high-pressure tubing upstream of the open diesel injector and communicated the pre-expansion diesel temperature to the temperature control system. The temperature control system controlled the temperature of the diesel by controlling the water supply to a compact, helical, rectangular plate counter-flow heat exchanger located immediately downstream of the receiver. Once the diesel had passed through the heat exchanger, it was returned to the fuel tank. Two additional thermocouples were located (1) near the entrance to the highpressure pump and (2) on the main return pipe to the fuel tank, in order to monitor the temperature of the diesel fuel samples elsewhere in the system.
A safety pressure relief valve providing an overpressure fuel return to the tank was installed between the high-pressure pump and the diesel injector in order to relieve the pump and tubing of over-pressure conditions and/or high-pressure surges. The pressure relief valve was manually set to relieve the diesel in the highpressure tubing at 630 bar and above.
Optical extinction measurement system
The objective here was the development of a simple, sensitive experimental technique to be used for the determination of the change in composition of the diesel samples subjected to recirculating cavitation flow in the high-pressure rig. This consideration led to the hypothesis that a change in the composition of the diesel fuel samples would lead to a corresponding change in the spectral extinction coefficients of the diesel samples through the destruction of optically active molecular species comprising the diesel samples and the formation of new optically active molecular species. The long-term cavitation in the high-pressure flow rig might also result in the formation of carbon-rich particles, which would produce a corresponding increase in the spectral extinction coefficients of the diesel fuel samples.
The extinction measurement system described here is a simplification of an extinction-scattering measurement system, usually employed to determine sample refractive index, and scattering and extinction coefficients. Extinction-scattering measurement systems usually determine the extinction length and the amount of incident light scattered from the optical path by the scattering system. The extent of the absorption and scattering of the incident light is specified by the BeerLambert-Bouguer law
where I 0 , x and I t (x) are the spectral flux of light incident on an absorptive sample, the distance the light travels through the sample and the spectral flux after travelling distance x, respectively. a is termed the spectral extinction coefficient and comprises the scattering coefficient a sc and the absorption coefficient a abs , that is, a = a sc + a abs . The extinction coefficient a is related to the complex refractive index of the sample (specified by n = m + ik) by the relation
where l is the wavelength of the incident light. 38 In these experiments, the overall refractive index of the diesel samples comprised the overall refractive index of the blend of aliphatics, aromatics and additives making up the liquid content, taken together with the overall refractive index of any particles in suspension. The overall extinction coefficient can be expressed in terms of a sum over the respective scattering and absorption terms a = a sc + a abs = a Optically accessible cell. Continuous sampling of a fraction of the recirculating diesel was undertaken, by connecting a sampling tube to the main diesel fuel tube connecting the fuel filter to the suction port of the highpressure Dynex pump. The sampling tube continuously supplied a small flow of diesel to an optically accessible cell and then returned it from the cell, back to the fuel tank. A schematic representation of the optically accessible cell is shown in Figure 2 .
The optically accessible cell consisted of a short hollow stainless steel cylinder 20 mm wide, 80 mm diameter with a wall thickness of 30 mm. A 5-mmdeep, 40.1-mm-diameter recess was bored into both ends of the cylinder, providing the space for 40-mmdiameter windows. Six M6 bolt holes were symmetrically placed on the outer faces of the main cylinder near the outer edges and threaded. Two stainless steel cylindrical disc end plates containing six M6 size bolt holes were manufactured in order to locate, hold and seal the fused silica windows in place, using four polypropylene gaskets to protect and seal the windows. Then, 5-mm-thick, 40-mm-diameter ultraviolet (UV) grade fused silica windows were then located and sealed against the gaskets, which were located against the recessed flanges of the main body of the cell. The windows were clamped to the cell by screwing down the end plates using M6 bolts, forming a sealed volume in the centre of the cell.
Fuel access ports on opposite sides of the cylinder were radially drilled through the cylinder wall, providing flow access into the central volume. Flexible braided hoses transported the sampled diesel from the rig to the port at the bottom of the optically accessible cell. The diesel then flowed up the port, filling the 1-cm-wide, 4-cm-diameter cylindrical space in the cell, before flowing upwards into the return hose, returning the sampled diesel back to the fuel tank.
Laser measurement system. A 405 nm laser beam (originating from a World Star Tech. 405 nm diode laser) was directed through a OD0.03 neutral density (ND) filter (50 mm 3 50 mm UV grade fused silica glass sheet) placed at 45°to the incident beam, before being passed through the optically accessible cell containing the sampled diesel flowing from the rig and back to the fuel tank. The fraction of the beam reflected from the angled ND filter was directed onto a Laserpoint laser power detector in order to obtain a reference laser power. The main laser beam passing through the optically accessible cell was attenuated as a result of optical absorption and scattering from the 1-cm-wide diesel fuel sample flowing through the cell and scattering from the two fused silica windows. The attenuated beam leaving the cell was then directed onto a mirror, which reflected the beam onto a second Laserpoint laser power detector. Figure 3 shows the assembly of the laser, ND filter, optically accessible cell, mirror and laser power meters.
Both of the Laserpoint laser power detectors utilised a USB interface to record the measured laser power on a computer using PC Link software. The control program provided the user with the ability to calibrate the power detectors under different lighting conditions prior to measurement. The software provided a 103 gain function in order to increase the sensitivity of the detectors, making them capable of determining laser power from 10 mW to 200 mW in discrete intervals of 10 mW. 
Water bath
A 20 L commercial tea urn was fitted with a level gauge and a K-type thermocouple. A custom built temperature control box enabled the temperature of the water filling the urn to be set and controlled with an uncertainty of 60.5°C. This was achieved in a simple manner by the temperature control system, which compared the measured temperature against the set temperature, and turned the 240 V alternating current (AC) electrical supply to the urn element on and off, depending on the variation of the water temperature from the set temperature.
Bottle platform stands were manufactured in order to place a 2.5 L laboratory glass bottle and a 1 L laboratory glass bottle in the urn, in order for the diesel samples in the bottles to be fully immersed in the water, but with the bottle tops and caps maintained above the water line. The bottle caps were drilled and fitted with breathing ports and tubing, which facilitated pressure equalisation and ventilation during immersion in the water bath. Figure 4 shows the urn and platform stand assembly.
Experimental method
Recirculation flow tests in the high-pressure cavitation rig
Before a new fuel test, the high-pressure flow rig was flushed twice with 3.5 L of 95% grade hexadecane (supplied by Alfa Aesar), followed by filling the system with 3.7 L of the diesel sample that was to be tested. The flushing process consisted of filling the fuel tank slowly with the flushing liquid while the low-pressure feed pump was being run. Once the receiving cylinder began to receive flushing liquid from the diesel nozzle (indicating that the lower part of the system was filled with liquid), the high-pressure pump was started and driven by the motor to produce a pressure of 300 bar. This served to fill the receiving cylinder and the heat exchanger, before returning the fuel to the main fuel tank.
Once the components were filled, the flushing liquid was circulated around the system at 300 bar and 50°C for approximately 1 h. Between successive tests and flushes, the system was drained. Four drain valves were used to drain the rig of diesel or flushing liquid. The first drain valve was attached to the base of the filter housing and was employed to drain the tank, low-pressure pump, filter and a fraction of the high-pressure pump. Approximately 2.2 L of liquid was drained from the first drain valve. The second drain valve was located at the base of the receiving cylinder, which was employed to drain the receiving cylinder and the heat exchanger. Bottle nitrogen was employed to provide back pressure to the heat exchanger in order to ensure that the heat exchanger was fully drained. Approximately 0.5 L of liquid was drained from the second drainage point. Liquid was then drained from the high-pressure exit near the diesel nozzle and from the low-pressure entry to the high-pressure pump. Approximately 0.4 L of liquid was drained from these two points. Therefore, for each fill of 3.5 L of diesel or hexadecane flushing liquid, approximately 3.2 L was able to be drained. This left approximately 300 mL in the system in the form of residual volume from the previous test or flush. A full test cycle consisting of two flushes and a new test fuel fill resulted in a test cycle to test cycle contamination of the order of 0.1%.
Once the rig was filled with approximately 3.7 L of a new test fuel (using the procedure specified earlier), it was circulated around the rig for approximately 30 min at low pressure. During this period, the laser power detectors were calibrated for the local light level. A 200 mL pretest sample was then drawn off from the filter drain valve, providing a reference pretest sample for later chemical analysis.
The pre-injection temperature was initially set to 55°C. The low-pressure pump was then turned back on, allowing the remaining 3.5 L test diesel sample in the rig to circulate at low pressure. The laser was turned on and allowed to settle, before a laser power reading was taken from both detectors. The high-pressure pump was then turned on, and the motor speed and the pressure upstream of the diesel nozzle slowly increased to 550 bar. The continuous release of the compression energy during diesel flow through the nozzle into the receiver resulted in a temperature rise. Once the temperature reached 55°C, one full temperature cycle was allowed, before setting the temperature control point to its test value of 70°C. The temperature continued to rise until the set point was achieved, at which time the temperature control system began supplying cold water to the heat exchanger, maintaining the diesel preinjection temperature at 70°C 6 2°C.
The compression energy transferred from the highpressure pump to the diesel fuel samples during compression resulted in a temperature rise of approximately 15°C in the downstream high-pressure diesel relative to the upstream low-pressure diesel. The further dissipation of compression energy released during the expansion flow through the nozzle, the formation and development of cavitation flow in the nozzle and receiver and the dissipation of turbulence energy resulted in a further 25°C temperature rise in the receiver. This is to be compared with a total theoretical temperature rise of 42°C (DT'Dp/rc, where DT, Dp, r and c are the theoretical temperature rise, the pressure rise in the pump, the diesel fuel density and the diesel specific heat, respectively).
The diesel test sample was circulated around the system for 10 h per day, for four successive days, for a total of 40 h cavitation test time. During the cavitation flow tests, the laser detectors were sampling the reference and transmitted laser power with a sampling rate of 1 Hz. The computer control software computed a 1 min average of the discrete reference and transmitted laser power measurements and then wrote the 1 min laser power averages to a text file for later analysis. The 1 min laser power averages for the reference and transmitted beams were recorded continuously over the 10 h cavitation test period. At the end of the 10 h period, the electric motor and pump were slowed down to a stop, and the diesel test sample allowed to cool. The following day, the standard run procedure was repeated, and this was undertaken for four successive days.
Four commercial diesel samples and one model diesel sample were subjected to 40 h continuous cavitation and water bath heating tests. Two of the four commercial diesel fuel samples were stored and then tested within 3 months of purchase. The other two commercial samples were stored for between 12 and 15 months prior to testing. The model diesel sample was composed of a blend of C 10 -C 19 paraffins ( . 98%).
Water bath tests
Before the diesel samples were immersed in the hot water bath, pre-bath laser transmission tests were undertaken. The cavitation flow rig was filled with the diesel sample to be tested and circulated around the system and through the optically accessible cell at ambient temperature using the low-pressure pump. The diode laser was turned on, and the beams directed onto the reference detector, and through the optical cell, and onto the transmission detector. The reference laser power and transmitted laser power incident on the detectors were recorded for approximately 15 min circulation time.
Two types
After the hot water immersion tests were complete, the cavitation flow rig was filled with the postimmersion diesel samples and circulated around the rig and through the optically accessible cell at ambient temperature. Reference and transmitted laser power were again recorded, in the same manner as identified earlier. The diode laser was turned on, and the beams directed onto the reference detector via the ND filter, and through the optical cell, and onto the transmission detector. The reference laser power and transmitted laser power incident on the detectors were recorded for approximately 15 min circulation time.
Analysis and calibration of the laser detection system
Analysis of the spectral extinction coefficient. The 405 nm laser beam transmitted through the diesel samples was subjected to internal absorption and scattering. The transmitted laser power is expressed in terms of the Beer-Lambert-Bouguer law for optical extinction
where I 0 is the initial laser power incident on the diesel sample and I t (x) is the transmitted laser power at point x in the sample, after having traversed a distance x through the sample. As identified earlier in equation (1), a is the spectral extinction coefficient and comprises the spectral absorptivity, a abs , and the spectral scattering coefficient, a sc , that is, a = a abs + a sc . The laser power incident on the diesel samples I 0 has to pass through the reference beam filter, followed by the fused silica window into the optical cell, that is, I 0 = t f t fs I laser , where t f , t fs and I laser are the transmission factor through the OD0.03 ND filter, the transmission factor through a fused silica window and the 405 nm diode laser power, respectively. I 0 can also be expressed in terms of the laser power reflected from the ND filter onto the reference laser power detector I ref (reference detector laser power)
where t fs is as defined earlier, and r f is the reflectivity of the OD0.03 ND filter, being used as a beam splitter. The laser power exiting the diesel samples pass through a fused silica window before being reflected from a 45°angled mirror onto the transmission laser power detector. The laser power measured with the detector is denoted by I P and is related to the laser power exiting the diesel sample in the optical cell I t by I P = t fs r m I t ð6Þ
where t fs is the transmission coefficient for the exit fused silica window (as defined above), and r m is the reflectivity of the final mirror. The time-dependent spectral extinction coefficient is then derived from equation ( where l is the optical path length of the laser through the diesel in the optical cell. The optical path length in the cell was measured to be 1.03 6 0.01 cm.
Calibration of the optical extinction system. Each optical element affecting the laser detection system was independently investigated and calibrated. The calibration of the system began with the direct measurement of the un-attenuated diode laser beam power by directing the diode laser beam directly onto the transmission power meter. Average power measurements of the un-attenuated laser beam were obtained and stored on the PC. The first optical element to be investigated was the OD0.03 fused silica ND filter placed at 45°to the incident laser beam. The optical arrangement is shown in Figure 5 . During the cavitation flow experiment, it was employed to reflect approximately 10% of the incident diode laser beam towards the reference laser power The second set of optical elements to be calibrated were the fused silica windows that were employed to provide optical access to the diesel samples and to seal the optical cell. The optical transmission through the fused silica windows had to be calibrated with a transparent fluid flowing through the optical cell during the calibration measurements, with the transparent fluid having a refractive index matching those of the diesel samples. This was in order to calibrate the effect of the laser passing from the entrance fused silica window into the diesel sample, to be followed by the laser exiting the diesel, and entering the exit fused silica window.
A C 10 -C 19 paraffin blend was employed as a model diesel in order to calibrate the optical transmission of the laser through the fused silica windows sealing the optically accessible cell. The paraffin blend was almost transparent to the diode laser light at 405 nm. Figure 7 shows a schematic representation of the experimental arrangement necessary to calibrate the transmission through the fused silica windows.
The transmission through the fused silica windows were measured using Signal Test Set-up 3 and 6 in Figure 7 . The beam power transmitted through the fused silica windows were compared with the beam power incident directly on the transmission detector. The transmission through the fused silica windows and the transparent paraffin-blend model diesel was determined to be 0.94 6 0.01.
The final optical element to be investigated was the final mirror that was employed to reflect the transmitted diode laser beam onto the transmission laser power meter. Twelve different values for the diode laser attenuation were employed in this calibration. The calibration was conducted using two geometries. In the first geometry, the transmission power detector was placed in the direct path of the incident laser, while in the second geometry, the mirror was placed so that the incident diode laser beam was reflected 90°, onto the transmission detector, as shown in Figures 3 and 8 .
The laser power incident on the mirror was varied by employing a number of different optical elements and ND filters, producing a range of different attenuation factors. These values are presented in Table 1 above. The graph of reflected laser power as a function of incident laser power is shown in Figure 9 . The final mirror was determined to reflect 0.871 6 0.007 of the incident laser power.
Data analysis
The 1 min averaged laser power measurements for the diesel samples that were subjected to cavitation flow tests were converted into 15 min averages. The continuous 15 min averaged laser transmission power data were ratioed against the synchronous reference laser power data, producing normalised transmission power data that were independent of power fluctuations in the source 405 nm diode laser. Figure 10 shows a graph of five normalised transmission laser power to reference laser power profiles as a function of time during the 40 h cavitation test period. The five profiles are identified as fresh commercial diesel samples A and B, aged commercial diesel samples C and D and the paraffinic-rich model diesel sample E. Model diesel E was a blend of C 10 -C 19 paraffins, which was almost transparent to the 405 nm laser light. Commercial diesel samples A-D begin with different extinction coefficients, which is why the normalised values at the beginning of the cavitation tests are different.
The time-dependent reflection and transmission laser power measurement data were then employed to determine the time-dependent spectral extinction coefficients for the four commercial diesel samples, together with the samples subjected to immersion in the hot water bath. These were derived using equation (7). Figure 10 shows a graph of the normalised laser power transmitted through the optical cell containing a 1.03-cm-thick layer of commercial or model diesel flowing upwards through the cell, as a function of cavitation time (h) for the 40 h period of the test. The initial extinction coefficient was different for the five diesel fuel samples. The paraffin-based model diesel was almost transparent to the incident laser light at 405 nm. In addition, the model diesel extinction coefficient was observed to remain unchanged over the 40 h period of the cavitation flow test.
Results
The relative variation in laser transmission through the respective diesel samples as a function of cavitation test time was determined by normalising the transmission profiles with the corresponding transmission laser power at the beginning of the cavitation tests. These normalised transmission laser power profiles are shown in Figure 11 .
The time-dependent variation in the spectral extinction coefficients of the five diesel samples was determined using equation (7). The results for the five samples were plotted together on the same graph, which is presented in Figure 12 . Figures 13-15 show the extinction coefficients derived from the two fresh commercial diesel samples and one of the two aged diesel samples, plotted together with the extinction coefficients derived before and after 40 h immersion in the hot water bath.
Discussion
Variations in spectral extinction coefficients Figure 10 shows the transmitted laser power normalised by the reference laser power for two fresh commercial diesel samples and two aged commercial diesel samples, together with a paraffin-blend model diesel, plotted against the cavitation time that the samples were subjected to. The paraffin-blend model diesel is almost transparent to the 405 nm laser light and shows negligible change in absorption over the 40 h cavitation period. In contrast to this, all of the commercial diesel samples produce a decrease in normalised laser transmission power with time during the cavitation. The scale of the decrease in normalised transmission power can be observed in Figure 11 , which shows the relative change in normalised laser transmission power through the four commercial diesel samples and the paraffin-blend model diesel sample. The paraffin-blend model diesel produces very little change in the normalised transmitted laser power over the 40 h cavitation period. By contrast, the two fresh commercial diesel samples produce a very similar relative decrease in normalised transmitted laser power, decreasing approximately 22% from the initial value over the 40 h period. The aged samples were observed to produce an even greater decrease in transmitted laser power, decreasing approximately 40% from the initial value after the 40 h cavitation period. It is important to note, however, that the aged samples produced very different laser transmission histories. Aged diesel sample C produced a profile, which decreased rapidly after cavitation began, and levelled out in the middle to late period. In contrast, aged diesel sample D produced a linearly decreasing transmission profile. Equation (7) was employed to calculate the spectral extinction coefficients for all of the diesel samples as a function of the cavitation time. The results of these calculations are shown in Figure 12 . The paraffin-blend model diesel was revealed to have an unchanged 405 nm spectral extinction coefficient of 0.05 6 0.03 cm , respectively, increasing to 1.90 6 0.02 and 2.13 6 0.02 cm 21 , respectively, over the 40 h cavitation period.
Three of the four commercial diesel samples (fresh samples A and B, and aged sample C) were subjected to discontinuous heating in a modified water urn at 70°C 6 1°C for 40 h, mimicking the 40 h cavitation period. This was done in order to separate out the effects of temperature and cavitation flow in changing the spectral extinction coefficients over the 40 h cavitation period. Figure 13 shows the graph of the variation of spectral extinction coefficient with cavitation time for fresh diesel sample A, together with the corresponding spectral extinction coefficients for sample A obtained before and after 40 h discontinuous immersion in the water bath. The discontinuous immersion of sample A in the water bath for 40 h produces a 4.5% change in the spectral extinction coefficient, compared with the 24% increase that occurred as a result of the 40 h cavitation flow. This means that the cavitation flow is responsible for a 19.5% increase in the spectral extinction coefficient over the 40 h cavitation period. Figure 14 shows the graph of the variation of spectral extinction coefficient with cavitation time for fresh diesel sample B, together with the corresponding spectral extinction coefficients for sample B obtained before and after 40 h discontinuous immersion in the water bath. The discontinuous immersion of sample B in the water bath for 40 h produces a 10.5% change in the spectral extinction coefficient, compared with the 18% increase that occurred as a result of the 40 h cavitation flow. This means that the cavitation flow is responsible for 7.5% increase in the spectral extinction coefficient over the 40 h cavitation period. A comparison of the respective effects of the immersion of fresh diesel samples A and B in the water bath shows that temperature produced a more significant change in the spectral extinction coefficient for sample B relative to sample A. Figure 15 shows the graph of the variation of spectral extinction coefficient with cavitation time for aged diesel sample C, together with the corresponding spectral extinction coefficients for sample C obtained before and after 40 h discontinuous immersion in the water bath. The discontinuous immersion of sample C in the water bath for 40 h produces a 0.8% change in the spectral extinction coefficient, compared with the 40.5% increase that occurred as a result of the 40 h cavitation flow. This means that the cavitation flow is responsible for a 38% increase in the spectral extinction coefficient over the 40 h cavitation period. It appears that the immersion of aged diesel sample C in the water bath had very little effect on the spectral extinction coefficient.
The composition of modern crude oil-derived diesel is approximately 72% paraffins, 22% mono-aromatics, 3% di-aromatics and 1% tri-aromatics. 39 Considering that the paraffinic-rich model diesel was principally composed of C 10 -C 19 paraffins ( . 98%), and that the 40 h cavitation period had no measureable effect on the 405 nm spectral extinction coefficient suggests that any chemical changes to the composition of the model diesel during cavitation had no measureable effect on its overall spectral extinction coefficient.
This conclusion leads to the suggestion that the observed variations in the 405 nm spectral extinction coefficients as a function of cavitation time for the fresh and aged commercial diesel samples have been caused by changes to the aromatic content in the commercial diesel samples. Noting the propensity for simple aromatics to form complex polycyclic aromatic hydrocarbons (PAHs), leading to the formation of small soot-like particles, suggests the hypothesis that the increase in spectral extinction coefficients with cavitation time for the commercial diesels was caused by the aromatics comprising the diesel undergoing pyrolysislike reactions during cavitation to form a particle suspension, hence increasing the optical extinction coefficients of the cavitated samples.
This hypothesis would also explain why the aged diesel samples produced larger relative variations in their respective spectral extinction coefficients than those produced from the fresh diesel samples. The aged diesel samples would have been more susceptible to aromatic pyrolysis to form particles than the fresh commercial diesel samples, due to their reduced fuel stability as a result of long-term storage. 25, 26 A note of caution is necessary. The increases in spectral extinction coefficients are common to all of the commercial diesel fuel samples subjected to cavitation flow. However, all of the commercial diesel fuel samples tested will have contained an unknown concentration and composition of additives, surfactants and detergents (normally less than 1% vol./vol.), which would have had an unpredictable effect on the spectral extinction coefficients of the tested diesel fuel samples. However, the consistent increase in spectral extinction coefficients common to all of the samples tested suggests that sono-chemical alterations to the fuel components common to the commercial diesel samples were responsible. These common fuel components present in all of the commercial diesel samples were dominated by the mono-aromatics.
Particulate formation and volumetric flow rate
The volumetric flow rate of the diesel fuel samples through the cavitation flow rig was estimated to be approximately 3.2 6 0.3 L/min, when the rig was operated at 550 bar pressure and 1500 r/min, with the diesel temperature maintained at 70°C. This estimate was derived from the predicted mass flow rate based on the Bernoulli velocity, together with an estimated discharge coefficient of 0.77 6 0.05 (which is typical of diesel nozzles at approximately 550 bar pressure 1 ). This estimated fuel volume flow rate was also consistent with the specification flow rate curve supplied for the Dynex PF1318H-10 pump. 37 The cavitation flow rig supported a fuel sample volume of 3.5 L. A volumetric flow rate of 3.2 L/min circulated the entire 3.5 L volume of the diesel fuel samples in approximately 1.1 min, leading to a fuel sample cavitation recycling rate of approximately 55 6 5 cycles/h, and approximately 2200 6 200 complete cavitation cycles over 40 h. In comparison, a modern passenger car common rail diesel pump is capable of supporting a volumetric flow rate of approximately 1.4 L/min continuously at 550 bar rail pressure, a volumetric flow rate of approximately 0.8 L/min continuously at 1650 bar rail pressure 1 and an instantaneous volumetric flow rate of approximately 30 L/min during discrete fuel injection into an engine (based on an approximate maximum of 0.6 cm 3 injected fuel volume per injection cycle). If the mean diesel fuel return rate from the pump, common rail and injectors back to the tank is estimated to be approximately 35% of the fuel supplied from the common rail, then the volumetric flow rate of highpressure diesel fuel returned to the tank may be as much as 0.3 L/min. The results presented here suggest that deposits and/or sediments produced by cavitation occurring inside the pump and at the entrance to the injectors may be observable after the pump has pumped approximately 20,000 L of diesel fuel. This corresponds to a mean passenger vehicle mileage of approximately 200,000 km. However, there is additional evidence to suggest that the rate of formation of particulates as a result of cavitation pyrolysis is proportional to the square of the rail pressure. 1 This means that fuel deposits and/or sediments may be detectable in the FIE after approximately 5000 L of fuel has been pumped to mean rail pressures of approximately 1100 bar (corresponding to a vehicle mileage of approximately 40,000 km).
In contrast to this, a typical large, transportation truck (30-40 ton carrying capacity), employing a 6-/8-cylinder 12 L/16 L engine, capable of 450-550 kW of brake power output, has a typical fuel consumption of 30-35 L/100 km. The common rail pumps used in these engines are believed to be capable of supplying diesel to the engine at an approximate rate of 4.5 L/min continuously at 2000 bar rail pressure. This suggests that the fuel return rate may be as much as 1.5 L/min back to the tank, assuming a mean fuel return of approximately 30%-35%.
As before, the engine may begin to show the effects of high-pressure pumping cavitation after pumping approximately 20,000 L of diesel fuel. This corresponds to an average heavy goods vehicle distance of approximately 45,000-50,000 km. However, taking the suggested dependence of the particulate formation rate on common rail pressure into account suggests that fuel deposits and/or sediments may be detectable in the FIE after the high-pressure pumping of approximately 5000 L of diesel (corresponding to a vehicle mileage of approximately 11,000-12,000 km).
Conclusion
A novel recirculation, continuous cavitation flow rig has been designed and manufactured in order to test the effect of high-pressure cavitation flow on the chemical stability of diesel fuels. The change in composition and/or stability of the fuel was determined through the continuous measurement of the spectral extinction coefficients of the cavitated diesel samples at 405 nm as a function of the cavitation time.
A commercial tea urn was modified in order to immerse diesel samples in heated water, in order to mimic the temperature history of the diesel samples in the cavitation flow rig. This was done in order to separate the effect of temperature from the effect of cavitation on the diesel samples.
Five diesel samples were tested in the cavitation flow rig and immersion in the water bath. These samples consisted of two fresh commercial diesels that were subjected to cavitation flow testing within 3 months of purchase, two aged commercial diesel samples that were stored in a fuel store for 12-15 months and then subjected to cavitation flow testing and immersion in the water bath, and a model diesel composed of a C 12 -C 19 paraffin blend.
The model diesel produced almost no variation in spectral extinction coefficient and hence almost no variation in spectral absorption and scattering during and after the 40 h cavitation period. This suggests that any variation that occurred in the composition of the model diesel sample during cavitation had a negligible effect on the spectral extinction coefficient of the model diesel sample.
In contrast, the fresh commercial diesel samples were observed to undergo a continuous increase in spectral extinction coefficients during cavitation flow, leading to a 20%-25% increase in spectral extinction over 40 h. The aged commercial diesel samples were observed to undergo an even greater increase in spectral extinction during the cavitation period, leading to a 40%-50% increase in spectral extinction coefficient after 40 h cavitation.
Approximately 80% of the increase in the spectral extinction coefficient of fresh commercial diesel sample A was attributed to the effect of cavitation, and the balance (20%) was attributed to the effect of temperature. In contrast, approximately 45% of the increase in the spectral extinction coefficient of fresh commercial diesel sample B was attributed to the effect of cavitation, and the balance (55%) was attributed to the effect of temperature. Approximately 99% of the increase in the spectral extinction coefficient of aged commercial diesel sample C was attributed to the effect of cavitation, and the balance (1%) was attributed to the effect of temperature.
A comparison of the composition of the paraffinrich model diesel, together with the absence of variation in spectral extinction during cavitation, with the composition of the commercial diesels and the consistent increase in the spectral extinction coefficients of these samples during cavitation, leads to the conclusion that the cavitation affected the aromatics in the commercial diesels. It is likely that the aromatics were undergoing pyrolysis-like reactions during cavitation to form complex PAHs and even small particles in suspension. This hypothesis would explain the relative increase in the spectral extinction produced by the aged diesel samples (C and D) when compared with that produced by the fresh commercial diesel samples (A and B), in terms of the reduced chemical stability of the aged samples when compared with the fresh samples.
